A recently developed distributed feedback quantum cascade laser (QCL) capable of thermoelectric-cooled (TEC) continuous-wave (cw) operation and emitting at ∼ 9 µm is used to perform laser chemical sensing by tunable infrared spectroscopy. A quasi-continuous-wave mode of operation relying on long current pulses (∼ 5 Hz, ∼ 50% duty cycle) is utilized rather than pure cw operation in order to extend the continuous frequency tuning range of the quantum cascade laser. Sulfur dioxide and ammonia were selected as convenient target molecules to evaluate the performance of the cw TEC QCL based sensor. Direct absorption spectroscopy and wavelengthmodulation spectroscopy were performed to demonstrate chemical sensing applications with this novel type of quantum cascade laser. For ammonia detection, a 18-ppm noise-equivalent sensitivity (1 σ) was achieved for a 1-m absorption path length and a 25-ms data-acquisition time using direct absorption spectroscopy. The use of second-harmonic-detection wavelengthmodulation spectroscopy instead of direct absorption increased the sensitivity by a factor of three, achieving a normalized noiseequivalent sensitivity of 82 ppb Hz −1/2 for a 1-m absorption path length, which corresponds to 2 × 10 −7 cm −1 Hz −1/2 .
Introduction
Tunable laser spectroscopy has proved to be a technique well suited for achieving gas-phase concentration measurements from the ppm level to the low ppb range. Compact laser sources that emit in the mid infrared, where most molecules exhibit fundamental and therefore strong absorption ro-vibrational bands, are particularly useful. Among the available tunable laser sources, distributed feedback (DFB) quantum cascade lasers (QCLs) offer several unique advantages for the design of compact field-deployable optical sensors, such as high output power, narrow laser line width, compactness, robustness, single-mode operation, and u Fax: +1-713-348-5686, E-mail: d.weidmann@rl.ac.uk * Present address: Space Science and Technology Department, CCLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX11 0QX, UK thermoelectric-cooled (TEC) operation in a pulsed mode regime [1, 2] . Until now, due to the relatively short upper-state lifetime of the involved intersubband transitions occurring in QCLs, their high operating voltage of nearly 10 V, and the associated large heat dissipation within the active zone, single-frequency operation has been achieved only in a pulsed mode at room temperature. Pulsed QCL operation suffers from three drawbacks: (1) due to thermal chirping, even a ∼ 10-ns pulse generates typical QCL line widths of ∼ 200-300 MHz, which is substantially larger than the Fourier-transform limit; (2) the main sensitivity limitation of a pulsed DFB QCL based spectrometer arises from the pulse to pulse intensity fluctuations that require the use of an additional reference beam for normalization [3, 4] ; and (3) the generation of nanosecond current pulses requires high-speed driving electronics and detectors as well as fast data acquisition. To overcome these drawbacks, considerable effort has been made towards achieving a DFB QCL that is able to operate in a continuouswave (cw) mode at room temperature.
A first device, employing high-reflection-coated facets and operating up to 312 K, was demonstrated by Beck et al. [5] . This device had no DFB structure and operated in single mode, most likely because of a small defect in the laser cavity. Recently, high-power cw QCLs have been developed to operate at 4.3-6 µm at power levels up to 600 mW [6] , but as Fabry-Pérot devices these lasers exhibit multimode emission. More recently, new devices emitting at ∼ 9 and 5.4 µm with an embedded DFB structure have been developed [7, 8] . Such single-frequency DFB QCLs are able to operate in a cw mode at temperatures achievable by thermoelectric cooling.
In this paper we report the first spectroscopic application using such a cw TEC DFB QCL at 9 µm with an output power of ∼ 2 mW at −40 • C. First, the QCL was characterized and an optimum mode of operation for gas sensing was determined. The QCL line width and the noise sources limiting detection sensitivity were investigated. Sulfur dioxide (SO 2 ) direct absorption spectroscopy was performed for laser characterization. The sensor was subsequently used for the monitoring of ammonia (NH 3 ), using both direct absorption spectroscopy and wavelengthmodulation spectroscopy (WMS) with detection at the second harmonic.
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Target molecules for gas monitoring
The QCL characterization began with a determination of the available wavelength tuning range for cw operation by means of a 0.125-cm −1 resolution Fourier-transform spectrometer. These data have been previously presented in [7] . With a cw excitation current set to 680 mA, the device exhibited a frequency range from 1113 to 1116 cm −1 by varying the temperature from −30 to −70 • C. A survey based on HITRAN 2000 [9] data within the 1110-1115 cm −1 spectral window provided the potential target molecules accessible with the available device.
Among the molecules with the most intense ro-vibrational transitions in the QCL-accessible spectral window, NH 3 and SO 2 were selected to perform the sensor-evaluation study. The strong NH 3 and SO 2 spectral lines in the window belong to the ν 2 and ν 1 fundamental bands, respectively. Both of these trace gases are relevant in atmospheric chemistry. NH 3 is the third most abundant nitrogen compound in the atmosphere and promotes the formation of ammonium aerosols. The emissions are mainly agricultural. NH 3 is also a toxic industrial chemical. SO 2 , which is released by fossil-fuel combustion related to human activity (and also by volcanoes in smaller amounts) is responsible for acid rains and promotes the formation of sulfate aerosols [10] .
3
Description of gas-sensor architecture
The direct absorption spectrometer configuration shown in Fig. 1 was used in this study. The QCL is enclosed in a dry nitrogen atmosphere to prevent moisture deposition on the laser chip. The QCL housing base is a cold plate that allows circulation of pre-cooled water to enhance heat extraction from the TE cooler that regulates the QCL temperature. With the laser turned off, the lowest temperature achieved is −50 • C. The laser is driven by a custom-built battery-based current source, which supplies up to 1.5 A with the high compliance voltage required by the cw QCL (∼ 11 V). The QCL excitation source has two external modulation inputs as well as an internal function generator for the modulation of the QCL wavelength.
The infrared (IR) radiation from the QCL is collimated by an AR-coated f/0.5 aspheric ZnSe lens and then passes through a 53.34-cm-long single-path absorption cell equipped with Brewster-angled ZnSe windows. The cell is connected to a gas-flow system with a controller for monitoring and adjusting the pressure. The beam exiting the cell is focused on to a 1-mm 2 HgCdTe detector by a 75-mm 90 • off-axis parabolic mirror. The detector used is a liquid nitrogen cooled HgCdTe photodiode with a built-in pre-amplifier (Kolmar FIGURE 1 Layout of the QCL-based direct absorption spectroscopy setup model KMPV10-1-J1). This detector is in fact too sensitive for the available QCL laser output power and a TEC infrared detector would have been more appropriate. Therefore, it was necessary to attenuate the mid-IR probe beam in order to avoid the non-linear region of the detector response curve and saturation of the detector output. The attenuation was conveniently performed by rotating the absorption cell along the optical axis. In this manner, the Brewster-angled windows act as a polarizing analyzer for the transmitted QCL beam. The detected signals are acquired by a National Instrument PCM-CIA card (model DAQCard-Al-16E-4) connected to a laptop computer. The acquisition software was developed with Lab-View. The signals are usually acquired at 50 ksample/s, i.e. with a 3 Hz square signal frequency and a 50% duty cycle, one scan acquisition consisting of 9000 data points requires 180 ms.
4
Quantum cascade laser characterization
Quasi-cw operation
We chose to operate the QC laser in a quasi-cw mode, as already done with cw QCLs at cryogenic temperatures [11] . In a pure cw mode, the heat dissipation produces a 15 • C temperature increase of the laser heat sink. Due to this effect, the laser threshold, which increases with the QCL heatsink temperature, is almost equal to the maximum allowed current in the QCL structure. As a result, both the injection current and the QCL heat-sink temperature cannot be adjusted. Therefore, the QCL frequency cannot be tuned and the available output power is low.
To minimize thermal effects, quasi-continuous excitation consisting of injected square current signals in the 1-10 Hz frequency range, with a duty cycle of 5%-50%, were applied to the QCL. The current is applied to the QC laser for ∼ 100 ms and then the laser is switched off for the same amount of time. The typical QCL current signal applied and the corresponding detected voltage are depicted in Fig. 2a and b. This mode of operation decreases the average injected current by a factor of two and the dissipated power by a factor of four, thus decreasing the laser threshold from 750 mA to 520 mA (the laser heat-sink temperature is lowered from −30 • C to −45 • C). The QCL frequency now becomes tunable by adjusting the current level over a range of more than 200 mA. This operating method also intrinsically results in the tuning of the QCL frequency by self-heating of the laser-active zone. This effect is basically the same as the thermal chirp observed in intrapulse spectroscopy using pulsed QCLs [12, 13] , but on the longer time scale permitted by the cw TEC QCL. The self-heating results in a decrease of the QCL output power Fig. 2b) , as well as frequency tuning. The absorption signal shown in Fig. 2b corresponds to when the gas cell was filled with SO 2 at a 5 Torr pressure (6.7 mbar). By operating the laser in a quasi-cw mode the available optical power increases to ∼ 2 mW. Figure 2c shows the average QCL optical power as a function of the amplitude of the injected current signal.
Frequency calibration
The QCL frequency change that occurs because of self-heating was investigated to determine the frequency calibration of the QCL operating in a quasi-cw mode. An absolute frequency calibration was performed using a spectral identification of the experimental spectrum with the expected spectrum from the HITRAN 2000 spectral database. At the QC laser wavelength used in this work, the density of spectral lines within the ν 1 band of SO 2 is high and the acquired experimental spectrum allows a non-ambiguous spectral recognition as shown in Fig. 3a . Using pure SO 2 at a 5 Torr total pressure (6.7 mbar), a reliable calibration was performed and is presented in Fig. 3b . As depicted in Fig. 3c and d, the calibration was verified by inserting an etalon (consisting of two ZnSe wedge windows appropriately aligned) with a 0.026-cm −1 free spectral range in the optical path. The total frequency coverage of one scan resolved by the detection system is ∼ 0.5 cm −1 . The frequency can actually be scanned over several wavenumbers as reported in [12] , but a ns acquisition system would be required to resolve the complete spectral scan. Our scans have a non-linear relationship between frequency and time and must be fitted. The best fitting function was found to be a logarithmic decay:
where x denotes the data points. σ 0 , a < 0, and x 0 are the fitting parameters whose values are given in the inset of Fig. 3b . The retrieved coefficients obtained either by SO 2 spectral recognition or using etalon fringes are close to each other. In par-910 Applied Physics B -Lasers and Optics FIGURE 4 Different SO 2 absorption spectra for different current levels recorded for determining the effective current tuning rate of the 9.1-µm QCL emission frequency ticular, the most significant parameter a (σ 0 and x 0 are translation parameters) remains unchanged whatever the calibration technique. As a result of non-linear scanning in frequency, the density of experimental points is higher at the end of the scan than at the beginning, i.e. one has a higher density of experimental data points at low wavenumbers. The laser is tunable from 1115.8 cm −1 (square signal current level 520 mA, heat-sink temperature − 41.2 • C) to 1111.8 cm −1 (700 mA and −26 • C), which corresponds to a 4-cm −1 tuning range. To determine an effective current tuning rate, several scans for different current levels were recorded. In Fig. 4 , the arrow indicates the SO 2 line at 1113.218 cm −1 , showing the frequency shift that occurs due to variations of the current waveform level. The frequency tuning process in QCLs is caused by temperature effects. The drive current modifies the amount of heat dissipated in the QC laser chip and consequently modifies its temperature. For a given data point of the scan, the effective current tuning rate ∆σ/∆I was found to be −17.5 cm −1 /A, i.e. ∆ν/∆I = −525 MHz/mA. The effective current tuning rate is large compared to the typical tuning rate of a pulsed QCL in the same wavelength region, because of the much larger duty cycle in the quasi-cw operating mode.
QCL line-width study
As discussed in Sect. 1, the pulsed QCL spectrometer sensitivity and selectivity are affected by thermal chirp that degrades the laser line width [3] . With the intrapulse approach [12, 13] , the effective line width depends only on the excitation pulse and a fast data-acquisition system is required. The line width of the laser in the quasicw-mode approach was investigated using an isolated SO 2 line (at 1114.174 cm −1 ). SO 2 is a heavy molecule and consequently has a small Doppler line width (∆ν Dopp = 53 MHz). The line width of the absorption feature was measured for different pure SO 2 pressure levels in the cell including pressures at which pressure broadening is well below the Doppler limit. The measurements are summarized in Fig. 5a and 5b. At pressures above 8 Torr (10.7 mbar) collisional broadening prevails and the QC laser line-width contribution remains insignificant. The experimental and theoretical points of Fig. 5b coincide. At low pressure, the influence of the laser line width starts to appear and becomes obvious for pressures below 0.2 Torr (0.3 mbar), where the Doppler limit is reached. At pressures below 0.2 Torr, the SO 2 absorption line exhibits an observed full width at half maximum (FWHM) ∆ν obs of 72 ± 7 MHz. If we assume a Gaussian line shape with a FWHM ∆ν Las for the laser spectrum, a convolution yields
From (2) we obtain that the QCL line width is 47 ± 11 MHz. This line-width value is directly related to the current-source noise. The fluctuations of the current source were measured for a 700-mA output and, within the current-source bandwidth, the current standard deviation is σ I = 50 µA. According to the effective tuning rate as determined above FIGURE 6 A single 0.5-cm −1 scan of a SO 2 spectrum recorded in a quasicw mode (3 Hz, 50% duty cycle). The experimental spectrum is compared to a simulated spectrum based on HITRAN data (525 MHz/mA), the FWHM of the QC laser is given by
Equation (3) yields a FWHM of 52.5 MHz, which is consistent with the 47 ± 11 MHz value determined experimentally.
This QCL line-width value is close to the one observed in the pure cw mode at cryogenic temperatures by Sharpe et al. [14] (∼ 40 MHz) but still high compared to the ∼ 1 MHz achievable by reducing the current-source noise [15] . However, such a QCL line width is at least five times below the one observed in pulsed mode operation and insignificant if performing gas-concentration measurements at reduced pressures of ∼ 100 Torr (133.3 mbar). This line width represents an effective improvement compared to the line width of a pulsed QC laser, which is a key parameter in isotopic studies where sensor selectivity is required. This laser line width can be further improved by the development of a low-noise current source.
Direct absorption spectroscopy
Direct spectroscopic SO 2 absorption measurements were performed at a 5 Torr cell pressure (6.7 mbar). A laser scan was made with the following parameters: acquisition frequency 50 kS/s, duty cycle 50%, 9000 points per scan, square excitation signal level 650 mA, and a laser heat-sink temperature of −40 • C. The signal from the detector is shown in Fig. 3a . The scan is ∼ 10 ms longer than the half period of the excitation signal in order to measure the detector voltage while the laser is turned off. The detector provides a voltage offset, which has to be removed. The signal is then processed according to the following steps: absolute frequency calibration using (1), a polynomial baseline correction, and a comparison of the experimental spectrum with a calculated spectrum based on HITRAN 2000 data and on the Olivero and Longbothum line-shape approximation for a Voigt profile [16] . The results are presented in Fig. 6 . The weak SO 2 lines that appear in the experimental spectrum are not included in the HITRAN 2000 database. It can also be seen that slight frequency shifts of some of the weak lines are observable that indicate a discrepancy in the frequency-calibration procedure. The laser line width might also have a small effect at 5 Torr pressure and not be insignificant as assumed. Overall, the fit of the experimental spectrum is in good agreement with the calculated spectrum.
The sensor was then applied to the detection and quantification of trace-gas species. To study the minimum detection sensitivity achievable by tunable cw TEC QCL absorption spectroscopy, spectra of a calibrated NH 3 : N 2 mixture were acquired. The calibrated ammonia concentration was certified to be 1038 ± 21 ppm by the gas provider (Matheson Trigas). The calibration measurements were performed using a flow configuration to limit NH 3 adsorption-desorption in the gas system [17] , which is important with the stainless steel cell used in these tests. The pressure is kept constant by a pressure controller set to 99.4 Torr (132.5 mbar).
For this particular experiment, the laser was operated at 2 Hz with a 5% duty cycle to narrow the frequency-scan range around the spectral feature of interest. The square signal level was 730 mA, the QCL heat-sink temperature was −46 • C, and 5000 points were acquired at a 200-kS/s rate. According to HITRAN, the target line is located at 1112.949 cm −1 and the transition intensity is 2.429 × 10 −20 cm −1 /molec. cm −2 , which is ∼ 10 times higher than the NH 3 intensities reported in the near-infrared region [18] . To obtain the spectrum presented in Fig. 7 , the process is identical to the one described above for SO 2 spectroscopy: the recorded raw data are frequency recalibrated and a polynomial baseline correction is applied. The experimental spectrum is fitted by a routine developed with LabView and based on the Levenberg-Marquardt iterative fitting method. Using HITRAN, a theoretical spectrum is calculated. Four parameters are left free to be fitted: the NH 3 concentration, a frequency offset (to correct potential errors of the calibration procedure), the baseline offset, and the baseline slope (to correct potential errors of the baseline-removal procedure). The concentration retrieved by this procedure was found to be 1163 ± 11 ppm. This value represents a 12% overestimate compared to the gas-provider certification. Taking the gas-mixture calibration as a reference, either a NH 3 desorption process by the cell or the accuracy of the absorption line strength given by HITRAN could be responsible for this discrepancy. The HI-TRAN data is believed to be responsible for the discrepancy, as the gas system was operated in a flow configuration for a time sufficiently long to let the NH 3 concentration reach equilibrium. From the residual spectrum shown in the bottom part of Fig. 7 , the standard deviation was calculated and used to extrapolate the 1σ noise-equivalent sensitivity (NES). The residual spectrum exhibits higher values at shorter wavelengths because of the laser amplitude modulation associated with the scan. The standard deviation is 2.8 × 10 −3 . This corresponds to a fractional absorption of 36 ppm of NH 3 for the 53.34-cm absorption cell used in this study. It corresponds to a NES of 18 ppm for 1 m of absorption for a single-frequency scan in a 25-ms data-acquisition time. For comparison, Claps et al. [19] reported a 0.23 ppm 912 Applied Physics B -Lasers and Optics FIGURE 7 Direct absorption spectrum of a calibrated NH 3 : N 2 mixture with a 1038 ppm NH 3 concentration is represented by the grey data. The black line spectrum is a fit based on the Levenberg-Marquardt routine. The fit yields a NH 3 concentration of 1163 ppm NES for a 36-m multipass cell and 500 scans averaged by using near-infrared absorption spectroscopy. This value for the NES corresponds to 185 ppm for 1 m of absorption for a single scan assuming white noise. Hence, we measure a NES of one order of magnitude better in the mid infrared due to the higher NH 3 line strength of the transition that was used. Kosterev et al. reported 0.3 ppm for a 1-m absorption path with a 10-s data-acquisition time using a pulsed 10-µm quantum cascade laser [20] . This corresponds to a NES of 6 ppm per m of absorption for a 25-ms acquisition time.
The main sensitivity limitation of the gas sensor was found to arise from residual etalon fringes. These fringes can exhibit a contrast of up to 2%. However, by means of optical adjustment these fringes can be partially removed as shown in the residual trace of Fig. 7 . For these NH 3 measurements, some excess intensity noise was also observed because the laser operating point required for accessing the optimum NH 3 line was close to a potential mode-hop region. Wavelength-modulation spectroscopy Wavelength-modulation spectroscopy (WMS) is a technique widely used for sensitive absorption spectroscopy with cw tunable lasers [21] . The technique was first applied to pulsed QCLs by Namjou et al. to monitor N 2 O [22] . Theoretically, an improvement of one order of magnitude in the sensitivity is expected compared to direct absorption spectroscopy [23] due to a higher signal to noise ratio (laser noise is smaller at kHz frequencies) and due to a reduced sensitivity to the baseline. The cw TEC QCL based gas sensor benefits from the implementation of WMS. For this study, a si-FIGURE 8 Schematic of the current excitation signal applied to the QCL to perform quasi-cw wavelength-modulation spectroscopy. The sinusoidal modulation amplitude and frequency depicted here are not shown to scale for clarity nusoidal waveform was superimposed on to the square signal as described previously (see Fig. 2 ), in order to generate the excitation signal shown in Fig. 8 .
The square signal and the sinusoidal waveform have to be synchronized to ensure a constant phase relation between them and to avoid any arbitrary signal fluctuation after the demodulation process. The wavelength-modulation frequency must be a multiple of the quasi-cw signal frequency and the two waveform generators providing these signals (Analogic model 2030 and SRS model DS345) must operate with the same time base (a 10-MHz time-base signal). For the quasi-cw signal the same settings already described for the direct absorption spectroscopy experiment were used. The sinusoidal signal is set to 20 kHz. The modulation amplitude was found to be optimum at 4.2 mA peak to peak. This modulation depth corresponds to 2.2 GHz, which is approximately three times the full width at half maximum of the NH 3 line at 99.4 Torr. Second-harmonic detection was implemented by means of a lock-in amplifier (SRS model SR830). The demodulated signal obtained after wavelength calibration is depicted in Fig. 9 . The asymmetric shape appearing in Fig. 9 is believed to be due to the important and strongly non-linear variation of the laser power during the scan.
The lock-in amplifier sensitivity is set to 5 mV and its time constant to 30 µs. By considering the noise on the detected signal of the NH 3 spectral absorption feature, the 1σ NES of the sensor can be determined. The standard deviation of FIGURE 9 Absorption signal of 1038 ppm of NH 3 diluted in nitrogen obtained by wavelength-modulation spectroscopy with detection at the second harmonic. The lock-in amplifier time constant is 30 µs the lock-in amplifier voltage is 0.045 mV. This corresponds to a NH 3 concentration of 12 ppm, i.e. 82 ppb m Hz −1/2 sensitivity scaled to the absorption path length and the detection bandwidth set by the lock-in amplifier time constant. In term of the absorption coefficient this figure of merit becomes 2 × 10 −7 cm −1 Hz −1/2 . A factor of three was gained for the sensitivity of the gas sensor by applying WMS with secondharmonic detection. A detection sensitivity comparable to the one reported in [20] was achieved but with a considerably less complicated setup involving no high-speed electronics and synchronization. This technique is commonly limited by the noise originating from the residual amplitude modulation and, in this particular case, by the laser excess noise already mentioned.
C o n c l u s i o n
This study demonstrated the feasibility and performance level of gas-sensing applications using recently developed cw TEC DFB quantum cascade lasers, which are applicable to the development of quasi-room-temperature mid-infrared optical sensors with no need of expensive nanosecond electronics and cryogenic cooling. A quasi-cw mode resulting in a larger QCL frequency coverage was found to be the most efficient approach for gas sensing, with a reduced laser line width compared to pulsed QCL operation. The QCL-based sensor demonstration was carried out based on direct absorption spectroscopy of SO 2 and NH 3 . The optimum sensitivity obtained to date using wavelengthmodulation spectroscopy with detection at the second harmonic was achieved with the reported quasi-cw 9-µm TEC DFB QCL based gas sensor. The normalized noise-equivalent sensitivity for ammonia was found to be 82 ppb Hz −1/2 for a 1-m path length.
